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Long-term Effects of School Barefoot Running Program on Sprinting Biomechanics in 
Children: a Case-Control Study 
 
Highlights 
・Habitual barefoot running children had shorter contact times and longer flight times.  
・Habitual barefoot running children used a more anterior FSP in shod sprinting. 
・Habitual barefoot running children jumped higher with shorter contact time. 
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Long-term Effects of School Barefoot Running Program on Sprinting Biomechanics in 
Children: a Case-Control Study 
 
Abstract 
Background: The acute changes of running biomechanics in habitually shod children when 
running barefoot have been demonstrated. However, the long-term effects of barefoot running on 
sprinting biomechanics in children is not well understood. 
Research question: How does four years of participation in a daily school barefoot running 
program influence sprint biomechanics and stretch-shortening cycle jump ability in children? 
Methods: One hundred and one children from barefoot education school (age, 11.2 ± 0.7 years-
old) and 93 children from a control school (age, 11.1 ± 0.7 years-old) performed 50 m maximal 
shod and barefoot sprints and counter movement jump and five repeated-rebound jumping. To 
analyse sprint kinematics, a high-speed camera (240 fps) was used. In addition, foot strike 
patterns were evaluated by using three high-speed cameras (300 fps). Jump heights for both jump 
types and the contact times for the rebound jump were measured using a contact mat system. 
Two-way mixed ANOVA was used to examine the effect of school factor (barefoot education 
school vs control school) and footwear factor (barefoot vs shod) on the sprinting biomechanics. 
Results:  Sprinting biomechanics in barefoot education school children was characterised by 
significantly shorter contact times (p = 0.003) and longer flight times (p = 0.005) compared to 
control school children regardless of footwear condition. In shod sprinting, a greater proportion 
of barefoot education school children sprinted with a fore-foot or mid-foot strike compared to 
control school children (p < 0.001). Barefoot education school children also had a significantly 



































































higher rebound jump height (p = 0.002) and shorter contact time than control school children (p 
= 0.001). 
Significance: The results suggest that school-based barefoot running programs may improve 
aspects of sprint biomechanics and develop the fast stretch-shortening cycle ability in children. 
In order to confirm this viewpoint, adequately powered randomised controlled trials should be 
conducted. 
Key words: barefoot; children; foot strike pattern; sprinting 
 
1. Introduction 
Running, in particular sprinting is a fundamental high-intensity human movement that is 
important in the motor development of children. Sprinting is also a motor skill that is required 
for high level performance in a range of recreational, sporting and occupational activities. 
Children are believed to develop motor skills as a result of the interactions between the 
neuromuscular system and environment influenced by multiple internal and external factors [19]. 
Footwear choice is one of the external factors which have potential to affect human running 
biomechanics, as the plantar surface of the foot is the only part of the body to encounter the 
ground during bipedal locomotion [9, 28]. 
Multiple studies have identified acute changes in running biomechanics in habitually 
shod children when running barefoot, such as having a higher step frequency, shorter step length 
and shorter contact times, and shifting their foot strike pattern from a rear-foot strike (RFS) 
towards mid-foot strike (MFS) or fore-foot strike (FFS) [11, 15, 16, 21]. These biomechanical 
alterations, especially the use of a more anterior foot strike pattern may lead to chronic changes 



































































sprinting and jumping [21]. Barefoot running programs of 8 to 12 weeks duration may alter 
average vertical ground reaction forces, loading rates and stiffness characteristics of the lower 
limb during running, with less research investigating whether these changes are also found while 
jumping [10, 30]. Further, only limited knowledge exists for the influence of habitual barefoot 
running on running and jumping biomechanics in children [8, 17, 25, 32]. Another limitation of 
the literature for children is that the majority of the previous studies have utilised submaximal 
running speeds, with the only one study that investigated sprinting biomechanics focused on foot 
strike patterns [8]. 
Therefore, the primary aim of this case-control study was to compare sprinting 
biomechanics in children who have grown up in the same region but who differ with respect to 
their experience of barefoot running. We examined spatio-temporal variables, foot strike patterns 
and SSC jump ability to provide greater insight into the potential mechanisms underlying any of 
the differences in sprinting performance observed between the two groups. 
 
2. Methods 
2.1. Study design 
A case-control study design was used to gain some insight into potential differences of sprint 
biomechanics in children who attended a barefoot education school (BS group) compared to a 
control school (CS group) in the same city of Japan. The barefoot education school was selected 
as they have provided a unique daily school physical activity program involved barefoot running 
for 10 minutes at their chosen speed on the surface of a hard dirt outdoors track every morning of 
every school day. The control school was selected as the physical activity program they offer 



































































children completed these activities while wearing shoes. The Ethics Committee of the Faculty of 
Health and Sports Sciences at the University of Tsukuba approved this study (IRB ID: 30-110). 
 
2.2. Participants 
Inclusion criteria that potential participants needed to meet included: 1) aged between 10 to 12 
years; and 2) participation in the BS or CS running program for a minimum period of 4 years. 
Individuals who had any lower extremity injuries or illnesses on the testing dates that may 
influence sprinting performance were ineligible to participate. Of the 203 eligible children 
attending the BS or CS, 101 children of BS group (54% boys and 46% girls; age, 11.2 ± 0.7 
years-old; height, 1.45 ± 0.06 m; weight, 37.0 ± 6.9 kg; shoe mass, 0.19 ± 0.03 kg) and 93 
children of CS group (52% boys, 48% girls; age, 11.1 ± 0.7 years-old; height, 1.46 ± 0.07 m; 
weight, 37.8 ± 7.2 kg; shoe mass, 0.20 ± 0.04 kg) were included in this study (response rate 
96%). After gaining approval from each school director and their physical education teachers, 
written informed assent and consent were obtained from all participants and their parents 
respectively.  
 
2.3. Sprinting test 
After a 20-minute warming up that included static and dynamic stretching of the lower limb 
musculature, submaximal running drills and submaximal-effort 30 m running, the participants 
performed one trial of maximal-effort 50 m sprints from a standing position in both shod and 
barefoot conditions on the hard dirt outdoors track with ~15 minutes rest between each footwear 
condition. Running conditions were randomised for each child in order to minimise any learning 



































































footwear normally sport shoes so as not to change their regular gait patterns. Performance in the 
sprinting test was quantified using a range of spatio-temporal variables and their foot strike 
patterns (explained below). 
 Figure 1 shows the experimental setup. To record sprint movement, a high-speed panning 
camera (LUMIX FZ200, Panasonic, Tokyo, Japan, frame rate - 240 fps, shutter speed - 1/1000) 
was placed 20 m from the right side of the runway at the midpoint (25 m) of the 50 m sprint. 
This position of the high-speed camera was selected so that its optical axis was perpendicular to 
the plane of movement at the 25 m mark. Reference markers were set on both sides of the 
runway at two-meter intervals between 20 30 m so to allow the reconstruction of 2-D 
coordinates of the body joints [24].  
 
Please insert Figure 1 here 
 
Twenty-three anatomical landmarks and centre of joints (3rd metacarpal head of hands, 
styloid process of ulnas, elbows, shoulders (glenohumeral joints), 1st toes, head of 5th metatarsal 
bones, tip of heels, ankles (talocrural joints), knees, greater trochanters, vertex, antilobium, and 
upper end of sternum) and the closest four reference markers on the runway (forward and 
backward on both sides) were manually digitised. This digitisation process was performed over 
two steps (from the left foot touchdown to the next touchdown of the same foot around the 25 m 
mark) at 120 Hz with a motion analysis system (Frame-DIAS Ⅳ, DKH Inc., Tokyo, Japan).  
From the digitised data, 2-D coordinates (x and y) were reconstructed using a method 
previously used in sprint biomechanics research [24]. The typical error for digitising the 



































































centre of joints were smoothed with a Butterworth low-pass digital filter at optimal cut-off 
frequencies (5.0 10.0 Hz), determined by residual analysis [29]. Fourteen segments were then 
defined in Japanese children comprising hands, forearms, upper arms, feet, shanks, thighs, head 
and trunk, with their respective centres of gravity calculated using the smoothed coordinates 
[31]. To evaluate the test-retest intra-rater reliability of 2-D centre of gravity measurements via 
this method, the same researcher reassessed these positions over 10 sprints, with the coefficient 
of variation being below 3%, a result comparable to that of the literature [20]. 
All of these spatio-temporal parameters were averaged across two consecutive steps at 
the 25 m mark, using previously reported techniques for sprinting studies [13, 20, 21]. 
Specifically, stance phase was defined as the period when either the left or right foot was in 
contact with the ground, and flight phase as the period when neither foot was in contact with the 
ground. Step frequency was defined as the reciprocal of the duration of the stance phase for one 
step, with step length as the horizontal distance the whole body's centre of gravity moved for 
each step. Sprint speed was defined as he mean hori on al eloci  of he hole bod s cen re 
of gravity for one step. 
In addition, foot strike patterns at the 25 m mark were captured from three angles using 
three high-speed cameras (EX-F1, CASIO, Tokyo, Japan, frame rate - 300 fps, shutter speed - 
1/1000) placed on rightward, forward diagonal and backward diagonal direction. All images of 
foot landing were captured on the hard disk drive of a MacBook Pro (Apple Inc., Cuptertino, 
CA, USA) and processed (QuickTime Player 7 Pro for Mac, Apple Inc., Cuptertino, CA, USA). 
Visually classification of foot strike patterns (Fig. 2): RFS (a landing in which the heel landed 
before the ball of the foot), MFS (a simultaneous landing of the heel and ball of the foot), and 



































































independently by two experienced reviewers blinded o each o her s meas res. The inter-rater 
reliabili  of he assessmen s of par icipan s  foo  s rike pa erns as e cellen  (linear weighted 
kappa = 0.946), with a third experienced reviewer used for consensus when required [6, 8, 22] 
 
Please insert Figure 2 here 
 
2.4. Stretch-shortening cycle (SSC) jump tests 
After performing the sprinting test, the participants were given at least 10 minutes rest before 
performing two SSC jump tests i.e. counter movement jump (CMJ) and five repeated-rebound 
jumping (RJ), while wearing the same footwear that they used for the shod condition of the 
sprinting test. Prior to these jumps being performed, the participants performed a number of 
submaximal repetitions as a form of familiarisation with the required techniques. All jumps were 
performed without arm-swing, with both hands positioned on the hips throughout the tests. 
These two jump tests were performed with three minutes rest between each jump 
modality [4, 23], as these jump tasks were selected as appropriate field-based measures to 
provide some insight into the potential between-group differences in sprint biomechanics [4, 27]. 
These jump tests were easy to perform, and useful to assess the force-power-velocity 
characteristics of the lower limb as RJ requires a fast SSC with a greater involvement of planter 
flexor muscle compared to slow SSC for the CMJ [1, 4].  
The jump heights for both jump types and the contact time for the RJ were measured 
using a contact mat system (Multi Jump Tester; DKH Co., Tokyo, Japan), using standard 
procedures [14, 18]. This electronic switch mat system read the ON and OFF signals during foot 



































































high levels of validity and reliability in the assessment of contact times, flight times and jump 
height [14, 18]. Jump height was calculated based on the acquired flight time using the following 
equation [2]. 
 
Jump height (m) = (9.81 m/s2 × flight time2) ÷ 8 
 
The CMJ requested to the participants to perform two trials of one repetition with one minute of 
rest between jumps, and the trial with the highest jump height used for the statistical analysis. 
During the CMJ, the participants were instructed to jump as high as possible and land in the 
same position as they were at takeoff. The RJ required the participants to perform one set of five 
repeated jumps, whereby they were instructed to jump as high as possible and push against the 
ground as quickly as possible. The jump with the highest reactive strength index (RSI); i.e., the 
ratio of the jump height (m) divided by the contact time (s) [3, 4, 18, 23], excluding the first and 
last jumps, was chosen for statistical analysis. We conducted a pilot study to assess the test-retest 
intra-rater reliability of the jump tests among 22 children with a mean age of 11 years and the 
intraclass correlation coefficients for the jump test variables ranged from 0.932 to 0.965. 
 
2.5. Statistical analysis 
Results were presented as mean ± standard deviation (SD) as the assumptions of normality were 
met according to the results of Shapiro Wilk test. Two-way mixed ANOVA was used as the 
primary statistical test to examine the effect of between participants factor of group (BS group 
and CS group) and within participants factor of footwear condition (shod condition and barefoot 



































































test was used to examine the difference in foot strike patterns between shod and barefoot 
conditions for each group, and Chi-square test was used to examine the difference in foot strike 
patterns between BS group and CS group for each condition. An independent sample t-test was 
used to examine the difference in physical characteristics, shoe mass and SSC ability between 
BS group and CS group, with 95% confidence intervals (CI) reported. All statistical procedures 
were conducted using the statistical package SPSS for Mac version 25 (SPSS Inc., USA) with 
statistical significance set at p < 0.05. 
 
3. Results 
3.1. Physical characteristics and shoe mass 
Table 1 demonstrates physical characteristics and shoe mass for the entire sample. There was no 
significant difference in age (p = 0.635), height (p = 0.258), body mass (p = 0.473) and shoe 
mass (p = 0.346) between BS and CS groups.  
 
Please insert Table 1 here 
 
3.2. Spatio-temporal variables 
Table 2 demonstrates spatio-temporal variables for the entire sample. There was a significant 
interaction between group and footwear condition for sprint speed (p < 0.001) and step length (p 
< 0.001). Sprint speed in the BS group was significantly higher in the barefoot than in shod 
condition (p < 0.001) and sprint speed in the barefoot condition was significantly higher in the 



































































significantly shorter in the barefoot than in shod condition (p < 0.001) and step length in the 
barefoot condition was significantly longer for the BS than in CS group (p = 0.032). 
There were significant main effects of group on contact times (p = 0.003) and flight times 
(p = 0.005), with significantly shorter contact times and longer flight times in the BS than in CS 
group. There were significant main effects of footwear condition on step frequency (p < 0.001) 
and contact times (p < 0.001), with significantly higher step frequency and shorter contact times 
in the barefoot than shod condition. 
 
Please insert Table 2 here 
 
3.3. Foot strike patterns 
Table 3 demonstrates a summary of the foot strike patterns. Chi-square test indicated there was a 
significant effect of group on foot strike patterns in the shod condition (X2 (2, N = 194) = 
16.108, p < 0.001) with a lower percentage of RFS in the BS than CS group. In contrast, no 
significant differences were found in foot strike patterns for the barefoot condition (X2 (2, N = 
194) = 5.088, p = 0.079). Significant effects of footwear condition on foot strike patterns were 
observed, demonstrating a greater percentage of RFS in the shod condition, whereas this 
decreased in the barefoot condition for both BS (p < 0.001) and CS (p < 0.001) groups. 
 
Please insert Table 3 here 
 



































































Table 4 demonstrates SSC jump ability for the entire sample. RJ height was significantly greater 
(p = 0.002), contact times significantly shorter (p = 0.001) and RSI significantly higher (p < 
0.001) in the BS than CS group. No significant differences in CMJ height were found between 
BS and CS groups (p = 0.492). 
 
Please insert Table 4 here 
 
4. Discussion 
The major finding of this study was that characteristics of sprinting biomechanics and fast SSC 
ability differ between children who have grown up in the same region but who differ with respect 
to their experience of barefoot running. Children in the BS group, who completed 10 minutes of 
barefoot running every school day for a minimum of four years, were observed to sprint with a 
shorter contact time and longer flight time and a use a more anterior foot strike pattern, while 
also having greater fast SSC ability than children in the CS group. 
A higher probability of a RFS pattern in habitually barefoot than shod children in both 
shod and barefoot conditions has been reported at what was defined as maximal running speeds 
(3.70 3.98 m/s) [8]. On the contrary, our results showed that the BS group tended to have a 
reduced probability of a RFS for the shod and no difference in their foot strike patterns for the 
barefoot condition. There are several possible explanations for these between-study differences 
in foot strike patterns. Although both Hollander et al. [8] and the current study asked their 
participants to run or sprint maximally, sprint speed was relatively slower in habitually barefoot 
children examined [8] compared to the BS group in the current study (6.09 compared to 6.33 



































































[5]. Furthermore, the between-study differences in sprint speed might be due to differences in the 
age of the participants (mean age of 12.1 years ranging from 6 to 18 years in Hollander et al [8] 
compared to mean age of 11.2 years ranging from 10 to 12 years in the current study). Another 
factor to consider is the difference of habituation level between both studies. Hollander et al. [8] 
investigated habitually barefoot children from South Africa who spend approximately one half of 
their time barefoot at school and during sports, while also being barefoot at home based on the 
result of a barefoot questionnaire [12]. Although the BS group in the current study had 
participated in a school barefoot running program for 10 minutes every school day for a 
minimum of four years (around 130 hours in total), this is obviously substantially less than what 
would have been achieved by the South African children [8]. Nevertheless, significant changes 
in foot strike patterns have been observed in training studies lasting only 8 to 12 weeks that 
would have likely involved less than the minimum of 130 hours of barefoot running performed 
in the current study [10, 30]. Therefore, what constitutes the minimal dosage of barefoot running 
required to produce significant changes in sprinting biomechanical characteristics including foot 
strike patterns, spatio-temporal parameters and overall SSC ability still remains somewhat 
unclear. 
Regardless of these similarities and differences in the results of the present study and that 
of Hollander et al. [8], the differences observed in both groups of children sprinting shod 
compared to barefoot were similar to that reported in the literature. Specifically, when sprinting 
barefoot compared to shod, there was a relative shift from RFS to MFS or FFS, a shorter contact 
time and a higher step frequency in the BS and CS groups. These results are consistent with 
those previously reported by Mizushima et al. [21] in 94 habitually shod children at sprinting 



































































could run faster in barefoot condition compared to the shod condition, while still maintaining 
their step length. It was also observed that the CS group was significantly slower than the BS 
group when running barefoot, with this perhaps a result of the CS gro p s reduced step length 
when running barefoot.  
The greater running speed of the BS group during the barefoot condition may be 
explained by the impulse-momentum relationship. Specifically, the impulse-momentum 
relationship states that an impulse (force multiplied by time) is required to produce a change in 
momentum (mass multiplied by velocity) of the system. As the BS group achieved similar or 
greater sprinting speeds with shorter contact times than the CS group, the BS group s imp lse 
would have to be characterised by a larger ground reaction force and/or had a greater rate of 
force development than the CS group during ground contact. This assumption that long-term 
participation in the school barefoot running program for the BS group may have made them 
more efficient in transmitting and/or receiving force toward/from the ground in barefoot 
sprinting could be reflective of a series of adaptations in SSC ability and/or the musculoskeletal 
system [10]. Such a view is consistent with our findings whereby the BS group had a 
significantly higher RJ height, RSI and shorter contact time than the CS group, although no 
significant difference in CMJ height was observed. As the RJ requires a fast SSC compared to 
slow SSC for the CMJ [1, 4], the school-based barefoot running program might have selectively 
contributed to the improvements in the BS children s fast SSC ability. Considering that children 
often utilise a MFS or FFS landing when running barefoot, it could suggest barefoot running for 
extended periods of time may act as a stimulus to improve fast SSC performance as it enhances 




































































Based on our results and the emerging literature, physical education teachers or sports 
coaches may wish to include some proportion of barefoot running in every physical education 
class and sporting programs in children to improve a fast SSC ability. It is also known that such 
habitual barefoot running can contribute to a range of morphological adaptations in the foot 
characteristics such as foot arch, hallux angles and foot pliability [7], perhaps as a result of the 
greater loading of these structures [10, 26]. Future research would need to confirm the 
minimum/optimal dosage of barefoot running to improve sprinting and SSC ability and/or to 
produce beneficial morphological adaptations in children of different ages and activity levels and 
how this can be progressed. 
There were s ill a n mber of limi a ions o he s d s design. As each child used their 
own footwear in the shod condition, results for the shod condition may have been affected by 
between-participant differences in footwear properties such as cushioning, flexibility and heel-
to-toe drop between the groups. Moreover, e didn  se a barefoot running questionnaire [12] to 
determine habituation level of the participants in this study. Further, timing lights were not 
available to assess sprinting time over the entire 50 m course. 
 
5. Conclusion 
In conclusion, the results of this study demonstrate the long-term effects of participation in a 
school-based barefoot running program on children s sprin ing biomechanics and jumping 
ability. Specifically, the BS group adopted a more anterior foot strike patterns and had a greater 
fast stretch-shortening cycle ability, as indicated by their reduced ground contact times and faster 
running speeds in the barefoot sprinting condition and their greater RJ performance. There is 



































































barefoot running and sprinting in children and to quantify how best to begin and progress 
barefoot running in this population. Longitudinal research involving cohort or randomised 
controlled trial designs would be useful to provide more information about the potential positive 
outcomes and injury risk of barefoot running and how best to progress this in children of 
different ages and levels of physical activity. 
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Figure 1. Experimental setup. 


















Table 1. A summary of the physical characteristics and shoe mass for both groups. 
 BS group 
(n =101) 
CS group 
(n = 93) 
t-value 95% CI 
Age (years) 11.2 ± 0.7 11.1 ± 0.7 í1.135 í0.155 to 0.253 
Height (m) 1.45 ± 0.06 1.46 ± 0.07 í0.719 í3.086 to 0.831 
Body mass (kg) 37.1 ± 6.9 37.8 ± 7.2 0.476 í2.716 to 1.265 
Shoes mass (kg) 0.19 ± 0.03 0.20 ± 0.04 í0.945 í0.015 to 0.005 
CI: Confidence interval 
BS group: Children from barefoot education school, CS group: Children from control school  
Tab e
Table 2. A summary of the key spatiotemporal variables for both groups across both footwear conditions. 
  Shod condition Barefoot condition F-value 
Sprint velocity (m/s) BS group 6.09 ± 0.60 6.33 ± 0.56††‡ Fa = 18.205** 
CS group 6.14 ± 0.55 6.14 ± 0.57 Fb = 0.950 
   Fc = 21.449** 
Step frequency (Hz) BS group 3.91 ± 0.30 4.10 ± 0.30 Fa = 115.925** 
CS group 3.91 ± 0.30 4.08 ± 0.32 Fb = 0.068 
   Fc = 0.402 
Step length (m) 
 
BS group 1.56 ± 0.14 1.55 ± 0.12‡ Fa = 26.924** 









Fa: Main effect of footwear condition, Fb: Main effect of group, Fc: Interaction effect, **: p < 0.01 
Shoes condition vs Barefoot condition, ††: p < 0.01 
   Fc = 12.802** 
Contact time (s) BS group 0.138 ± 0.017 0.128 ± 0.015 Fa = 181.564** 
CS group 0.143 ± 0.017 0.133 ± 0.015 Fb = 6.201** 
   Fc = 0.059 
Flight time (s) BS group 0.119 ± 0.013 0.117 ± 0.012 Fa = 0.607 
CS group 0.113 ± 0.014 0.113 ± 0.014 Fb = 7.972** 
   Fc = 0.928 
BS group vs CS group, ‡: p < 0.05 
BS group: Children from barefoot education school, CS group: Children from control school 








Main effect of footwear condition, **: p < 0.01 
Main effect of group, ††: p < 0.01 
  Foot strike pattern (%) 
  RFS MFS FFS 
BS group Shod condition 57.4 30.7 11.9 
 Barefoot condition 23.8 38.6 37.6** 
CS group Shod condition 81.7†† 8.6 9.7 
 Barefoot condition 34.4 41.9 23.7** 
BS group: Children from barefoot education school, CS group: Children from control school 
RFS: Rear-foot strike, MFS: Mid-foot strike, FFS: Fore-foot strike  









**: p < 0.01 
 BS group CS group t-value 95% CI 
RJ RSI 1.31 ± 0.36** 1.13 ± 0.34 3.775 0.090 to 0.287 
RJ height (m) 0.23 ± 0.04** 0.21 ± 0.04 3.077 0.006 to 0.028 
RJ contact time (s) 0.178 ± 0.028** 0.192 ± 0.031 3.377 0.022 to 0.060 
CMJ height (m) 0.25 ± 0.04 0.24 ± 0.04 0.689 0.076 to 0.016 
 
 
CI: Confidence interval 
BS group: Children from barefoot education school, CS group: Children from control school 
RJ: Five repeated-rebound jumping, RSI: Reactive strength index, CMJ: Counter movement jump 
